The superposition characteristics of film cooling effectiveness in the multi rows of shaped film cooling holes are investigated experimentally. It appeared from the experiments that the superposition characteristics are realized at a small blowing ratio of M=0.5. However, the film cooling effectiveness that is estimated by a method presented by Seller is approximately 20% higher values than that of the experimental value at blowing ratio of M=1.0. And furthermore, it becomes clear that the estimated film cooling effectiveness is approximately 100% higher than that of the experiment at M=2.0. On the other hand, by the experiment using a lowspeed cascade test facility, it becomes clear that the superposition of the film cooling effectiveness blowing through two rows of shaped film cooling hole is established on the pressure surface of a stationary turbine vane because of a strong mixing motion of film cooling air and main stream. On the contrary, it became clear that the estimated value showed approximately 30% lower value compared with the experimental value on the suction surface of the model turbine vane.
Introduction
Modern high-temperature industrial gas turbines applied to the gas turbine combined cycle (GTCC) play a significant role against global warming in electric power generation. Currently, 1600°C-class gas turbines are being operated commercially worldwide with considerable success [1] . Moreover, there is high demand for improving the thermal efficiency of gas turbines, and the target thermal efficiency of near-future GTCC is 64% for 1700°C-class gas turbines [2] .
With an increase in the turbine inlet temperature, the turbine vanes and blades are exposed to a high-temperature gas stream and subjected to a severe thermal environment. The first stationary vanes are subjected to such severe thermal conditions and need an elaborate cooling system. In such hightemperature gas turbines, the surfaces of the blades and vanes must be cooled externally by full coverage film cooling. This is achieved by injecting relatively cooler air from the multi rows of film cooling holes out of the blade surface for forming a protective cooling layer between the surface and the path of hot gas flow. When the full coverage film cooling, which is built with multi rows of film cooling holes, generally a so-called Seller's method to estimate the film cooling effectiveness of the next row of film cooling, which gushed that a film cooling air of the previous row of film cooling acts like as the mainstream of the next film cooling. It is very important to understand whether this Seller's method can be applied or not for the design of full-coverage film cooling of the turbine blades and vanes.
As a fundamental study, we examine the additive nature of film cooling, blowing through rows of shaped film cooling holes on the flat plate by using low speed wind tunnel, and on the vane pressure surface (PS) and suction surface (SS) of the enlarged E 3 turbine vane by using low speed cascade test facility, and compare the measured film cooling effectiveness with the one predicted by the superposition method.
Superposition of film cooling
The superposition method of the film cooling flow is an idea to estimate film cooling effectiveness of the second row of film cooling holes, which are located downstream the first row of holes. Film cooling effectiveness of the second row of holes must be affected by the upstream film coolant jet. In this method, the mixture of the film cooling jet from the upstream (or first) hole and mainstream is assumed to play the role of the "mainstream" in the downstream film cooling from the second hole. This concept of the superposition method for multi rows of film cooling holes was proposed by Seller [3] . The film cooling effectiveness by the first cooling hole, which is located at s=0, is defined by the following equation
Note that T f1 is given by the data of a single row of holes case. When the superposition method of the film cooling is applied, the film cooling effectiveness by the second cooling hole, which is located at s=L, can be defined by the following equation
Here, it is assumed that T f1 acts as a mainstream temperature for the second film hole. Then we can predict the film cooling effectiveness downstream the second hole when film cooling jets blow through two in-line cooling holes simultaneously, by the following equation using  1 ' and  2 ' obtained in a single row of holes case
The well-known blowing ratio M is defined by the following equation
3 Experimental apparatus and methods
Experimental apparatus
The experiments have been conducted by using a flat plate model installed in a low speed wind tunnel and a low speed cascade test facility with an enlarged first stage model of an Energy Efficient Engine (E 3 ) turbine [5] . Figure 1 and Table 1 show the geometry of the shaped film cooling hole, and the layout of the two rows of film cooling holes respectively. The geometry and dimensions of the low speed cascade is shown in Figure 2 and the geometry and the locations of the static pressure taps [6] 
PSP method
In this study, pressure sensitive paint (PSP) was used to measure film cooling effectiveness distribution on the surface. The PSP is an optical pressure sensor. It uses a special pigment that changes its luminescence intensity reacting with oxygen molecules. The change of luminescence intensity is caused by optical quenching of the pigment by oxygen molecules. Therefore, we can measure a change of the concentration of oxygen by the luminescence intensity of the pigment. By using air (concentration of oxygen is 21%) for mainstream and nitrogen (concentration of oxygen is 0%) for film cooling jets, the concentration distribution of oxygen that changes by those mixing is measured by PSP. Then, using an analogy between heat/mass transfers, Eq. (1) can be converted to Eq. (5) using the mass concentration of oxygen, C.
Schematic view of the experimental apparatus of PSP is shown in Figure 5 . Since PSP's luminescence intensity varies with its temperature, we have calibrated it by investigating its dependency on temperature in advance, and temperature of the PSP painted wall was monitored by a K-type thermocouple during experiments.
Acetone LIF method
Laser induced fluorescence (LIF) is a measurement method for mass concentration in a gaseous flow. LIF has the advantages of being non-intrusive, instantaneous, and having a high intensity of fluorescence. In addition, LIF can realize high spatial resolution for a tracer concentration field. The flow is illuminated by a laser sheet, whose wavelength is tuned to excite a specific absorption transition of a molecular tracer that is added for this purpose. A fraction of the molecules in the Lozano et al. [7] showed that acetone is a suitable tracer for concentration measurements in gaseous flows with LIF. The detail application of the acetone LIF is described in reference [8] .
Results and discussion

Film cooling effectiveness on a flat plate
Figures 6 and 7 show the film cooling effectiveness measured by PSP of a single hole and two in-line holes on a flat plate, respectively. It can be confirmed from single hole case that film coolant is always attached to the wall for all blowing ratios. Thus, the film coolant from a shaped hole is attached over a longer distance downstream as the blowing ratio increases. In addition, it is also confirmed from the cases of two in-line shaped holes that the shapes of film effectiveness distribution around the first and second holes are similar, and it seems to be independent. This implies that film cooling flows from the second hole are not drastically affected by the upstream film cooling flows as to change the shape of its film effectiveness distributions. Therefore, it can be expected that the abovementioned superposition method can hold for the two in-line shaped cooling holes. The lateral average of local effectiveness over −3 < z/d < 3 at each x position for blowing ratios M=0.5 to 2.0 of the measured film cooling effectiveness by PSP is compared with the values predicted by the superposition method using Eq. (3). superposition method uses experimental results of a single row of holes case to predict the film cooling effectiveness downstream the first and second film cooling holes of the two in-line holes. These figures show that the additive nature of film cooling effectiveness acts well when blowing ratio M is low, but shows some deviation from measured value at high blowing ratios, especially at M=2.0. This seems to be because film cooling flows from the first hole is affected by the film cooling jet from the second hole at M=2.0 due to the large mass flow rate. This is indicated by the large difference between experimental and predicted values upstream the second hole, which implies that penetration of the film cooling jet into mainstream is suppressed by the blockage effect of the second cooling jet. Predicted values in two in-line holes were calculated using the data of a single hole case, where film coolant usually penetrates into the mainstream at M=2.0. Thus, the present superposition method cannot consider the blockage effect of the second cooling jets, which actually suppresses the detachment of the film cooling jet due to the jet penetration in two in-line holes' cases. 
Film cooling effectiveness on pressure surface of a model turbine vane
Figures 10 and 11 show the film cooling effectiveness measured by PSP of a single hole and two in-line holes on pressure surface of the model vane, respectively. It can be confirmed from these figures that the film jet from a shaped cooling hole spreads wider both in a lateral and mainstream directions and the penetration of film coolant into the mainstream was suppressed in the shaped hole at lower blowing ratio M less than 1.5, however penetration of film coolant occurs at high blowing ratio of M=2.0. Figures 14 and 15 shows that the film cooling effectiveness of a single shaped hole and two in-line shaped holes, at M=1.0 is higher on the suction surface than on the pressure surface. The film cooling air has a tendency apart from the wall on the pressure surface of the vane and the mixing between film cooling air and mainstream is easily occurred on the concave surface. On the other hand, there is a tendency that the film cooling air adheres on the wall of suction surface and film cooling air and the mainstream is hard to mix on the suction surface of the model vane.
M=1.00
PS1 PS2
M=1.00 PS1 Figure 16 shows the comparison between measured and predicted values of lateral averaged film cooling effectiveness for M=1.0 on the suction surface of the model vane. The predicted value is about 30% higher than that of the measured one. The reason why lower precision of the prediction of the film cooling effectiveness by the superposition method is weak mixing of the film cooling air on the suction surface of the model vane. Figure 17 shows the concentration distribution of acetone on the suction surface of the model vane measured by acetone LIF and it is clear from this figure that the film cooling air blowing from the first shaped hole covers over the film cooling air blowing from the second shaped film cooling air. The property of the mixing phenomena on the convex surface of the vane contributes to attaining higher film cooling effectiveness on the suction surface of the vane, however, it becomes a cause to lay disagreement between a predicted value and experimentally measured values because the supposition method built based on the mixing of film cooling air will fail to predict on the suction surface.
PS2 Model vane
Conclusions
In this study, the superposition method of shaped film cooling holes in a turbine vane surface is examined by the comparison between experimental data of PSP technique and predicted values by a superposition method. As a result, the following conclusions are obtained.
M=1.00
SS1 SS1
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1. The measured film cooling effectiveness and the predicted one by the superposition method show that the additive nature of film cooling acts well when blowing ratio M is less than 1.5, but does not agree well when blowing ratio M=2.0.
2. The measured film cooling effectiveness and predicted one show good agreement on the pressure surface of the model vane.
3. The superposition method estimates about 30% higher film cooling effectiveness than the measured one at M=1.0 on the suction surface of the model vane. The more appropriate mixing model should be established to improve the estimation of the film cooling effectiveness on the suction surface.
4. The study to investigate the detail mixing phenomena of film cooling on a turbine vane and blade is necessary to improve the accuracy of design tool for full coverage film cooled vanes and blades.
